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a b s t r a c t
The natural N- and C-termini, i.e., the given order of secondary structure segments, are critical for protein
folding and stability, as shown by several studies using circularly permuted proteins, mutants that have
their N- and C-termini linked and are then digested at another site to create new termini. A previouswork
showed that circularly permuted mutants of sperm whale myoglobin (Mb) are functional, have native-
like folding and bind heme, but are less stable than the wild-type protein and aggregate. The ability
of wild-type myoglobin to form amyloid ﬁbrils has been established recently, and because circularly
permuted mutations are destabilizing, we asked whether these permutations would also affect the rateircular permutation
rotein folding
pomyoglobin
of amyloid ﬁbril formation. Our investigations revealed that, indeed, the circularly permuted mutants
formed cytotoxic ﬁbrils at a rate higher than that of the wild-type. To further investigate the role of
the C-terminus in the overall stability of the protein, we investigated two C-terminally deleted mutant,
Mb1–123 and Mb1–99, and found that Mb1–123 formed cytotoxic ﬁbrils at a higher rate than that of the wild-
type while Mb1–99 formed cytotoxic ﬁbrils at a similar rate than that of the wild-type. Collectively, our
ﬁndings show that the native position of both the N-and C-termini is important for the precise structural
.architecture of myoglobin
. Introduction
Protein folding studies are of great therapeutic importance
ecause failure to reach or maintain the correct folded structure
an have serious consequences. Such a failure can occur during
e novo synthesis, be caused by cellular stress, or result from
isease-causing mutations [1–4]. The aggregation of a polypep-
ide chain competes with folding and occurs when hydrophobic
egions become exposed to solvent and self-associate into dis-
rdered aggregates [5]. Accordingly, well-packed proteins must
otally or partially unfold to expose the aggregation-prone regions
hat will ultimately help to convert the polypeptide into highly
myloid ﬁbrils [6]. Virtually all proteins have segments that can
orm amyloid aggregates and although these segments are pro-
ected within the native conformation of the protein, they can be
xposed in certain situations to induce the formation of amyloido-
enic aggregates [7].
Abbreviations: Mb, myoglobin; ThT, thioﬂavin T; CR, Congo red; WT, wild-type;
D, circular dichroism.
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An accurate understanding of amyloid formation should pro-
vide critical information for the design of inhibitors based on the
identiﬁcation of essential species involved in folding and aggre-
gation [1–4]. Therefore, techniques such as serial deletions and
circular permutations of the basic blocks that form proteins permit
the investigation of their architecture and are of special interest
because the results add to the general understanding of protein
folding and stability [8,9].
Even myoglobin (Mb), an archetype of the globin family, forms
amyloid ﬁbrils under certain conditions, which suggests that the
ability to form ﬁbrils is a common feature of all proteins and is not
related to a speciﬁc primary sequence [10]. Mb is a highly soluble
protein whose native properties do not suggest a predisposition
to form amyloid ﬁbrils, because it folds into eight well-deﬁned
-helices (named A–H) with no -sheet elements [11]. However,
whensubmitted toconditionsunderwhich thenative state isdesta-
bilized, wild-type Mb forms aggregates, shows a far-UV circular
dichroism spectrum with a minimum at 214nm, probes positively
by the ﬂuorescence of the dyes Congo red or thioﬂavin T, and has
an anisotropic X-ray diffraction pattern with characteristic ‘cross-
beta’ reﬂections at 4.6 and 10.1 A˚ [10].
In a previous work, Ribeiro and Ramos [12] showed that two
circularly permuted mutants (permuteins) of sperm whale myo-



























































w84 D.H.A. Corrêa, C.H.I. Ramos / International Jour
ere functional but were also less stable than the wild-type pro-
ein and aggregated. The permuteins were compact, had heme
inding characteristics similar to those of wild-type holoMb as
easured by spectroscopic methods, and had native-like folding
s shown by gel ﬁltration chromatography, bis-ANS spectroscopy,
nd analytical ultracentrifugation experiments [12]. Although the
ermuteins remained folded and compact like wild-type Mb, they
ere less stable and tended to aggregate, which indicated that
aving the N-terminus in its correct position is important for pro-
ein stability. Therefore, we asked whether circularly permuted
utations would form ﬁbrils and how the rate of formation
ould compare to that of the wild-type protein. Our investiga-
ions revealed that the mutants formed cytotoxic ﬁbrils at a rate
igher than that of wild-type Mb. To further investigate the role
f the C-terminus in the overall stability of the protein, we made
C-terminally deleted mutant and found that it also formed cyto-
oxic ﬁbrils at a higher rate than the wild-type protein. Altogether,
he results demonstrate that the native position of both the N-and
-termini is important for the precise structural architecture of
yoglobin. To the best of our knowledge, this is the ﬁrst report
hat compares the rates of amyloid formation of circularly per-




The procedures for site-directed mutagenesis and a detailed
escription of the deleted and permuted mutations are described
lsewhere [12,13]. Brieﬂy, we used four mutant isoforms of Mb,
f which two were the following N-terminal circular permutants:
1) Mb-B GHA, in which helix B is N-terminal and helix A is C-
erminal, and (2) Mb-C GHAB, in which helix C is N-terminal and
elices A and B are C-terminal. The remaining two mutants are
b1–123, in which helix H was removed, and Mb1–99, in which
elices G and H were removed. The expression and puriﬁcation
f the wild-type and mutant proteins were performed with a
ethod previously described [13], in which the protein is puriﬁed
irectly in its apo form. The puriﬁcation procedure was followed
y a chromatographic step for the removal of nucleic acid con-
amination to certify that the A280/260 ratio was higher than 1.5
14]. The induction of amyloid ﬁbrils was performed as previ-
usly described [10,15]. Brieﬂy, amyloid ﬁbrils were obtained
y dissolving 30M apoMb in 50mM sodium borate, pH 9.0,
nd incubating the solution at 65 ◦C for a variable amount of
ime.
.2. Spectroscopic experiments
A JASCO model J-810 CD spectropolarimeter (Jasco) equipped
ith a thermoelectric sample temperature controller (Peltier sys-
em) was used to record CD spectra as previously described [16].
easurements were taken from 260 to 200nm and the aver-
ge of at least three independent experiments is reported. The
ggregation process was monitored by thioﬂavin T (ThT) emit-
ed ﬂuorescence spectroscopy as described previously [15], using
multifrequency cross-correlation and modulation ﬂuorometer
2TM – ISS (ISS, Champaign, IL, USA). Typically, 5M protein
liquots were incubated under the amyloid ﬁbril induction con-
itions described above and mixed with ThT to a ﬁnal ThT/protein
olar ratio of 5:1. Threehundredmicroliter sampleswere collected
na10mm×2mmcuvette cell andexcitedat450nm,and theemis-
ion spectrum was collected from 460 to 600nm. The kinetic data
ere ﬁtted to a single-exponential processwith extrapolation backBiological Macromolecules 48 (2011) 583–588
to the value of the signal determined at 25 ◦C prior to heating:





where y0 is the maximal signal intensity of the probe used, A is the
difference between the maximum signal intensity and the initial
signal intensity of the probe used,  is the inverse of the aggre-
gation rate (v), and t is time. After single-exponential ﬁtting, the
apparent rate constants were plotted against 1/T to generate a lin-
ear Arrhenius plot in which the slope is the activation energy of the
process:
ln kapp = lnA − EaRT (2)
where kapp is the apparent rate constant, Ea is the activation energy,
A is the pre-exponential factor, R is the universal gas constant, and
T is the absolute temperature.
2.3. X-ray ﬁber diffraction
Diffraction data were collected at the D03B-MX1 LNLS beam-
line, Campinas, Brazil, at 1.42 A˚ [17,18] with a sample-to-detector
(MAR345) distance of 100mm and diffraction image acquisition
in ﬁxed-angle mode for 5min. Amyloid ﬁbrils were induced for
15days as described above and dialyzed extensively in double-
distilled water afterwards. Samples were pelleted at 15,000× g for
20min at room temperature, anddried in a stove at 37 ◦Covernight.
After drying, the sample, a thin layer of gel-like ﬁbers, was glued to
the tip of an appropriate capillary.
2.4. Cytotoxicity
The toxicity of the amyloid ﬁbrils was tested as described pre-
viously [15] using murine neuroblastoma (N2A) cells, which were
grown in 25-cm2 cell culture ﬂasks (Corning Inc., Corning, NY, USA)
as monolayers in complete DMEM medium supplemented with
100g/mL streptomycin and 100U/mL of penicillin in a humidi-
ﬁed incubator with 5% CO2 in air at 37 ◦C. Brieﬂy, cells were plated
at a density of 1×103 cells/well in 96-well plates and 24h after
cell seeding, semi-conﬂuent cultures were exposed to samples
containing either native-like or mature ﬁbrils at a ﬁnal concentra-
tion of 1mg/mL of protein (in Tris–HCl 25mM, pH 7.5, 100g/mL
streptomycin, 100U/mL of penicillin and 1g/mL of fungizone;
previously subjected to UV light for 5min) in each well. After 24h,
the 2,5-diphenyltetrazolium bromide (MTT) reduction activity was
determined [19]. Absorbance at 570nm was measured in a Spec-
traMax 190 (Molecular Devices, Sunnyvale, CA, USA) microplate
reader.
3. Results
Wild-type (WT) and mutant proteins were produced without
any tag and were puriﬁed. Four mutants were studied (Fig. 1). Two
N-terminal circular permutants were constructed: Mb-B GHA, in
which helix B is N-terminal and helix A is C-terminal, and Mb-
C GHAB, in which helix C is N-terminal and helices A and B are
C-terminal. The two deletion mutants we studied were Mb1–123, in
which helix H was removed, and Mb1–99, in which helices G and H
were removed. The apo formof thedeleted and circularly permuted
mutants are less structured than the WT protein, but the permuted
mutants have native-like heme binding and, when bound to heme,
are as well folded and well packed as the WT protein [12]. How-
ever, the permuteins have a large tendency to aggregate and are
less stable than WT Mb [12].
WT myoglobin (Mb), submitted to destabilizing conditions,
formed aggregates that showed a far-UV circular dichroism (CD)




































ig. 1. Schematic representation of the positions of -helices in WT, truncated, and
nds at residue E18 and has helix B at its N-terminus and helix A at its C-terminu
t its N-terminus and helices A and B at its C-terminus. In the permuteins, helices
H-helix). Mb1–99, Mb deleted of residues 100–153 (GH helices). See Ribeiro and Ra
pectrum with a minimum at 214nm, probed positively by the
uorescence of the dyes Congo red or thioﬂavin T, and had an
nisotropic X-ray diffraction pattern with characteristic ‘cross-
eta’ reﬂections at 4.6 and 10.1 A˚ [10]. Here WT deleted and
ircularly permuted mutants of sperm whale apoMb were submit-
ed to the same conditions as aforementioned and tested positive
or amyloidogenic ﬁbrils. The secondary structure of the ﬁbrils
as measured by CD and had a high degree of regular -structure
Fig. 2). The CD spectrum of the ﬁbrils formed from the WT pro-
ein had the shape expected for a -sheet protein with minima at
bout 214nm and a secondary structure prediction of a -sheet
ich protein (Fig. 2). The ﬁbrils formed from each mutant had the
ame proﬁle (Fig. 2).
X-ray diffraction directly reports on themolecular structure and
s a reliable method for analyzing ﬁbril-like structures. Character-
stically, X-ray ﬁber diffraction gives two signals of a ‘cross-beta’
iffraction pattern [20]. The ﬁrst signal is a sharp reﬂection at
.7 A˚ along the same direction as the ﬁber, which has also been
isualized by cryoelectron microscopy. The other signal is a dif-
use reﬂection at between 9.5 and 11 A˚ perpendicular to the ﬁber
irection, which corresponds to inter-sheet distances. Amyloido-
enic apoMbs showed an X-ray diffraction pattern characteristic
f ﬁbrils with a sharp maximum in the direction of the ﬁbril align-
ent (meridional direction) at a scattering angle that corresponded
o a spacing of 4.7–4.8 A˚ and a broader maximum perpendicu-
ar to the direction of the ﬁbril alignment (equatorial direction)
ig. 2. Far-UV circular dichroism spectra. Native apoMbs before (continuous lines;
nly WT is shown) and after (symbols) treatment for 15days to form amyloid
ggregates. Amyloid aggregates: WT (open squares), apoMb1–123 (ﬁlled circles),
poMb1–99 (open circles), apoMb-B GHA (open triangles) and apoMb-C GHAB (ﬁlled
riangles). The CD spectra of the amyloid proteins had the shape expected for -
heet proteins with minima t about 214nm and a secondary structure prediction of
-sheet rich proteins.larly permuted Mb. WT, wild type. The permutein Mb-B GHA starts at residue A19,
permutein Mb-C GHAB starts at residue S35, ends at residue K34 and has helix C
A are connected by a SGSGSGSG linker. Mb1–123, Mb deleted of residues 124–153
2] for details.
at a scattering angle that corresponded to a spacing of 8–10 A˚
(Fig. 3).
Amyloid deposits are associated with several diseases and their
cytotoxic effect is considered another hallmark of ﬁbrillar aggre-
gates [4,21]. Therefore, we investigated the cytotoxicity of both the
mature and pre-ﬁbrillar ﬁbrils and observed that WT and mutant
apoMbs incubated under the above described experimental con-
ditions formed ﬁbrillar structures that were similar to that of
disease-related amyloid ﬁbrils. ApoMb mature ﬁbrils were capable
of decreasing the viability of N2A cells by about 20%, while pre-
ﬁbrillar aggregates decreased the viability of N2A cells by about
50% (Table 1; control, native WT apoMb decreased the viability of
N2A cells by about 10%).
The amyloid aggregation kinetics of apoMb was monitored by
time-dependent ThT ﬂuorescence at 482nm (Fig. 4). ThT is a ﬂu-
orescent dye that is used for the detection of the formation of
amyloid ﬁbrils due to its signiﬁcant increase in emission intensity
upon binding to the linear array of -strands [22]. The kinetics of
apoMb amyloid formation showed an exponential growth phase
withnoevident lagphase (Fig. 4), and thedatawereﬁtted toa single
exponential function as described in Section 2. The aggregation rate
(v; Table 1) of Mb1–99 was similar to that of the WT protein; how-
ever, the aggregation rates of Mb1–123, B GHA and C GHAB were
higher than that of the WT protein (Fig. 4). Accordingly, apoMbs
could be arranged from the highest to the lowest aggregation rate
as follows: Mb1–123 =B GHA>C GHAB >WT=Mb1–99.
To further analyze the kinetics of amyloid formation by WT and
mutant proteins, ﬁbril formation was followed by CD at 214nm,
which monitors the formation of a high degree of -sheet struc-
ture, a clear hallmark of amyloid structure. The experiment was
done at four different temperatures: 35 ◦C, 45 ◦C, 55 ◦C and 65 ◦C
(raw data not shown) and M1–99 was not analyzed because its
aggregation rate, as well as all other amyloidogenic characteris-
tics here investigated, was similar to that of the WT protein (see
above). The data were ﬁtted as described above, and the appar-
ent rate constants (kapp) obtained from each single-exponential ﬁt
were plotted as a function of 1/T (Fig. 5). The slope obtained from
such a linear Arrhenius plot gives the value of the activation energy
associated with the process (Table 1). Accordingly, apoMbs could
be arranged from the lowest to the highest activation energy as
follows: Mb1–123 <B GHA<C GHAB <WT.
4. Discussion
4.1. Amyloid ﬁbril formation by C-terminal helix deletion mutantsPreviously, we showed that the C-terminally deleted mutants
Mb1–99 and Mb1–123 have lower stability than WT Mb and aggre-
gate [12], and here we show that these mutants tested positive for
amyloidogenic ﬁbrils that are similar to those of disease-related
amyloid ﬁbrils. Mb1–123 had an increased rate of amyloid forma-
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Fig. 3. Amyloid ﬁbril X-ray diffraction. X-ray diffraction patterns for WT apoMb and mutants. (a) (WT), (b) (apoMb1–123), (c) (apoMb-B GHA), (d) (apoMb-C GHAB) and (e)
(apoMb1–99). The protein diffraction patterns had two clearly discernible diffraction rings in the meridional direction with a main chain spacing of 4.57±0.07 A˚ and in the




cytotoxicity (% of viable
cells)a
Pre-ﬁbrilar cytotoxicity





WT 78 ± 2 48 ± 3 2.2 ± 0.1 89±4
B GHA 73 ± 3 48 ± 3 4.7 ± 0.1 75±2
C GHAB 77 ± 3 42 ± 2 3.1 ± 0.1 80±1
Mb1–123 77 ± 3 47 ± 3 5.1 ± 0.4 65±1
Mb1–99 79 ± 2 47 ± 2 2.5 ± 0.2 –
a Control: native protein alone=89±3%.
D.H.A. Corrêa, C.H.I. Ramos / International Journal of
Fig. 4. Amyloid formation kinetics probed by thioﬂavin T (ThT)-emitted ﬂuores-
cence. ThT ﬂuorescencewas used to probe the kinetics of amyloid formation at 65 ◦C

























lles), apoMb-B GHA (open triangles) and apoMb-C GHAB (ﬁlled triangles) proteins.
ontinuous lines through the data are the least-square ﬁts to a single exponential
quation (Eq. (1)). Zero is the signal of WT apoMb at 25 ◦C, prior to the heating
rocess.
ion compared to that of thewild-typeprotein,which indicated that
eletion of helix H is more deleterious than the deletion of helices
and H. These ﬁndings are consistent with CD and NMR stud-
es of fragments corresponding to helices G and H [23,24], which
howed that helix H is helical but helix G has a lower tendency
o populate helical conformations. Other studies of Mb deletion
utants showed that apoMb folding is chain-length dependent
12,13,25,26]. The lower rate in forming amyloid ﬁbrils by the
utant deleted of helices G and H compared to one in which only
elix H was deleted can be explained by results showing that a
eptide corresponding to helix G is involved in amyloid ﬁbril for-
ation [27]. Helix G is present in Mb1–123 but not in Mb1–99 and
robably is exposed in the latter, which increases the rate of ﬁbril
ormation inMb1–123. InWTMb, helixG iswell packed against helix
[11,28] and would have ﬁrst to be exposed to initiate ﬁbril for-
ig. 5. Arrhenius plot from ﬁbril formation probed by circular dichroism (CD)
pectroscopy. The ln of the observed rate constant, kapp, obtained from ﬁtting the
bril formation kinetics data probed by CD plotted as a function of 1/T. WT (open
quares), apoMb1–123 (ﬁlled circles), apoMb-B GHA (open triangles), and apoMb-
GHAB (ﬁlled triangles) are shown. The activation energies were obtained from
inear ﬁts of the data points (continuous lines) and are shown in Table 1.Biological Macromolecules 48 (2011) 583–588 587
mation. These results are in good agreement with a recent theory
of Eisenberg’s group [7] that the exposure of segments with high
ﬁbrillation propensity during destabilization of the native struc-
ture is the cause of ﬁbrillation in globular proteins. Because the
rate of amyloid formation of Mb1–99 is similar to that of WT, one
or more segments, other than helix G, are likely to also be involved
in amyloid ﬁbril formation [29–31]. Additionally, the evidence in
this work, combined with the lack of success in even expressing
apoMb mutants deleted of either helix A or helices A and B [12],
indicate that apoMb is very unstable in the absence of helices A, B,
G and H. Furthermore, our results are in accordance with a native
folded protein that is dependent on the presence of both the N- and
C-termini.
4.2. Amyloid ﬁbril formation by N-terminal circularly permuted
mutants
An important question in protein folding is whether the natu-
ral N- and C-termini, i.e., the given order of secondary structure
segments, are critical for protein folding and stability. The study
of circularly permuted proteins that have their N- and C-termini
linked and are then digested at another site to create new termini
may help to answer this question. Therefore, we created two cir-
cularly permuted Mbs that have the original N-terminus moved to
the C-terminus and found that they remained as folded and com-
pact as the WT Mb, but have lower stability and have a propensity
to aggregate [12]. The mutants self-associate, as shown by analyti-
cal ultracentrifugation, and aggregate after 2days of incubation at
37 ◦C, whereas WT Mb remains soluble for weeks [12]. Therefore,
we asked whether these circularly permuted mutants would form
ﬁbrils and whether the rate of formation would be affected com-
pared to that of theWTprotein. Our results show that the circularly
permuted mutants tested positive for amyloidogenic ﬁbrils with
similarities to those of disease-related amyloid ﬁbrils, and formed
ﬁbrils at a faster rate than WT Mb. It seems that the alterations at
theN-terminus did not cause large changes in the tertiary structure
of Mb; however, these changes had effects on the general stability.
Mechanisms of amyloidogenesis and the structural contributions
of mutations in the process are not well understood; however,
several studies have linked speciﬁc amino acids to amyloidogenic-
ity because site-directed mutagenesis increased the propensity to
formﬁbrils. Circularlypermutedmutationsaredifferentbecauseno
residue is mutated, i.e., all of the information on the primary struc-
ture is present but the polymer has its N- and C-termini changed
to create new termini. Because no speciﬁc amino acid was changed
and the permuteins are well folded and compact but less stable, we
concluded that in Mb there may be a link between protein stabil-
ity and capacity for amyloid formation. The lower stability favors
partial unfolding, which will expose aggregation-prone regions
that will ultimately help to convert the polypeptide into highly
amyloid ﬁbrils, which was previously suggested as a mechanism
for amyloidogenesis [6,7]. The link between protein stability and
the capacity for amyloid formation has been demonstrated before
[32–37], and our results reinforce this hypothesis.
5. Conclusions
Our general conclusion, after combining the results herein with
those of previous studies [12,38], is that (1) exposition of Helix
G appears to be an important step in the ﬁbril formation of Mb,
and (2) the presence and the correct position of the N- and C-
termini of Mb appears to not be required for the native folding
but is highly important for stability and solubility. We also suggest
that the results presented here are important for general rational-
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ndmayhelp toprovideacriticalunderstandingof essential species
nvolved in folding and aggregation and to generate information for
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